Based on the effect that the phase difference between s-and p-polarizations at the total-internal-reflection is changed with the variation of the air refractive index, which is related to the air pressure, a new optical method for measuring the air pressure of a vacuum cavity is proposed. From the experimental curve of the phase difference variation measured by the heterodyne interferometry and the calibrated pressure measurement of a vacuum cavity, an empirical formula is derived. With this empirical formula, the measurable range of this new optical method is 760 to 0.1 torr.
Introduction
There are several vacuum gauges for measuring the air pressure of a vacuum cavity, for instance, the McLeod gauge [1] , the ionization gauge, the spinning rotor gas friction gauge [2] , and the thermal conductivity gauge [3] . These are not optical methods. From Edlen's equation [4] , it is possible to see that the air REFractive index relates to its pressure. In this paper, we propose a new optical method for vacuum measurement based on the effect that the phase difference between s-and p-polarizations at the total-internal-reflection changes as the air refractive index changes. We measure an experimental curve of the phase difference variation as a function of the air pressure of a vacuum cavity with the heterodyne interferometry. Then, an empirical formula for the relationship of the calibrated air pressure and the phase difference variation is derived by using a polynomial fitting technique. With the aid of this empirical formula, the new optical method is suitable for the vacuum range between 760 and 0.1 torr.
Principle

The relationship between the pressure and the refractive index of air
According to the modification of Edlen's equation by Brich and Downs [5] , we have 
where ␣ ϭ 3.574983 ϫ 10 Ϫ7 . From Eq. (2), we can get [Eq.
Obviously, the variation of the refractive index of air ⌬n is proportional to the variation of air pressure ⌬P.
The phase difference variation resulted from the variation of the air pressure
The structure of a special designed vacuum probe is shown Fig. 1 . It is made of glass with refractive index n p , and its base angle, length and thickness are 45°, L and d, respectively. A light beam is incident normally on the oblique surface of the probe, and is guided within this probe because of the total-internal-reflections. After it is totally reflected at the other end of the probe, the light beam goes back in anti-parallel direction with the original path. The number of total-internal-reflections is m ϭ 2 L/d. Hence, according to Fresnel's equations [6] , the phase difference between s-and p-polarizations due to multiple total-internal-reflections is
where n is the refractive index of air. From Eq. (4), we have
where ⌬ and ⌬n are the variations of the phase difference and the refractive index of air at constant n p . Substituting Eq. (5) into Eq. (3), we can get [Eq. (6)]
Let the specially designed vacuum probe be located inside a cavity to measure the pressure variation ⌬P. If the initial pressure of the cavity is P 0 , then after vacuum pumping the pressure P can be written as
From Eq. (7) one can see that P can be calculated with the measurement of the phase difference ⌬ under the experimental conditions in which P 0 , n p , and m are specified.
Phase difference variation measurements with the total-internal-reflection heterodyne interferometry
Chiu et al. [6] proposed a method for measuring the refractive index by using the total-internal-reflection heterodyne interferometry. The schematic diagram of the optical arrangement of our method, which is based on a similar consideration, is shown in Fig. 2 . For convenience, the ϩz axis is chosen to be along the light propagation direction and the y axis is chosen to be along the direction perpendicular to the paper plane. A light coming from a heterodyne light source [7] having a frequency difference f between s-and p-polarizations is incident on a beam-splitter, BS, and is divided into two parts: the reflected light and the transmitted light. The reflected light passes through an analyzer AN r with the transmission axis at 45°to the x-axis, then enters a photodetector D r . The intensity measured by D r can be written as Eq. (8):
where I r is the reference signal, and r is the phase difference between s-and p-polarizations produced by the reflection at BS. On the other hand, the transmitted light is incident normally on the oblique surface of the vacuum probe which is located inside a vacuum cavity with an initial air pressure P 0 , and is guided by the probe as shown in Fig. 1 . After it is totally reflected at the other end of the probe, the light goes back in anti-parallel with the original path. Then, it is reflected again by BS and passes through an analyzer AN t with the transmission axis at 45°to the x-axis. Finally it is detected by another photodetector D t . The intensity I t measured by D t can be written as Eq. (9):
The two signals, I r and I t , are sent to a phase meter, PM, then the phase difference can be obtained. When the air pressure of the vacuum cavity changes to P, the measured phase difference variation is ⌬. Substituting ⌬ into Eq. (7), the air pressure of the vacuum cavity is obtained.
Experiments and results
To test the performance of this new method, the air pressure of a vacuum cavity is measured with the optical setup shown in Fig.2 . The heterodyne light source is at wavelength 632.8 nm and with a difference frequency 2 kHz between s-and p-polarizations. A phase meter with a resolution 0.01°is self-made. The vacuum probe is made of BaSF2 glass with a refractive index 1.66059, and its dimensions are 103 ϫ 10 ϫ 5 mm. Hence there are 40 times of total-internal-reflection in the probe. To test the validity of this method, a vacuum gauge (GP307; Granville-Phillips, Boulder, Colorado, USA) is introduced to measure the air pressure simultaneously under the conditions: initial pressure (P 0 ) ϭ 760 torr, temperature (T) ϭ 20°C, and relative humidity (RH) ϭ 50%. In our experiments, the vacuum pumping rate is so slow that the temperature T is almost kept at 20°C. The experimental curves of P versus ⌬ are shown in Fig. 3 , in which the ordinates are marked in (a) an ordinary scale and (b) a logarithmic scale. In these figures, the dashed curves represent the evaluated values, which are obtained by introducing the data of m, ␣, n p , and P 0 into Eq. (7); the squares represent the direct readouts from the calibrated vacuum gauge GP307.
Discussion
From Fig. 3 , once can see that the experimental curve is different from the theoretical curve, especially in the low pressure range. This discrepancy might be caused by:
1. Edlen's equation might not be suitable for such low pressure range that it might need some corrections or 2. The refractive index of the vacuum probe might be changed as the air pressure is decreased.
Although this discrepancy falls outside our expectation, the accuracy of the measurement in the low pressure range can be enhanced. By using a polynomial fitting technique, an empirical formula for the relation between the air pressure and the phase difference variation is derived as
If the vacuum cavity is measured with the same conditions, that is, P 0 ϭ 760 torr, T ϭ 20°C, RH ϭ 50%, the data of the measured phase difference variation is substituted into Eq. (10) and the air pressure of the cavity can be obtained. This empirical formula may not be suitable for other conditions because the lowest pressure of our vacuum pump is 0.1 torr. Thus, this method is confirmed to be valid for the vacuum range between 760 and 0.1 torr.
Conclusion
In this article, a new optical method for measuring the air pressure of a vacuum cavity is proposed based on the total-internal-reflection heterodyne interferometry. The optical arrangment shown in Fig. 2 can be used as an optical vacuum gauge. It is experimentally confirmed that under our initial conditions, it is convenient to obtain the air pressure of a vacuum cavity by substituting the measured data of the phase difference variation into Eq. (10). Because of its common-path configuration, it is stable against the environmental vibration and the air turbulence. The vacuum probe is small and inexpensive and does not pollute the vacuum cavity. The method has several merits, such as simple optical setup, easy operation, and high stability. In addition, it is suitable for the vacuum range between 760 and 0.1 torr.
